2 sister species Drosophila suzukii and D. subpulchrella 3 4 5
seems increasingly plausible that even infections that cause reproductive manipulations become 19 established in new hosts because they enhance fitness, and hence tend to increase in frequency 20 even when very rare (Kriesner et al. 2013) . For example, the most common Wolbachia 21 reproductive manipulation is CI, in which embryos produced by uninfected females mated with 22 infected males suffer increased mortality. Because CI is essentially irrelevant to the frequency 23 dynamics of rare infections, initial spread of both CI-causing infections and infections that do not 24 manipulate reproduction is likely to be driven by mutualistic effects such as fecundity melanogaster (Richardson et al. 2012 ). Hamm et al. (2014) implicitly assumed that if two 20 closely related host species share closely related Wolbachia, the infections are likely to have 21 been acquired by either cladogenic transmission or introgression. In particular, Hamm et al. 22 (2014) postulated that because D. suzukii and its sister D. subpulchrella have concordant 23 mitochondrial and nuclear phylogenies and harbor very similar Wolbachia, as indicated by 24 identity at the Multi Locus Sequence Typing (MLST) loci used to classify Wolbachia (Baldo et 25 al. 2006 ), cladogenic Wolbachia acquisition was likely. Here we use comparative analyses of 1 draft Wolbachia genomes, and extensive nuclear data from Drosophila and other insect hosts, to 2 refute this hypothesis. 3
The three alternative modes of Wolbachia acquisition would be trivial to distinguish if 4 reliable chronograms (dated phylogenies) were available for the nuclear, mitochondrial and 5
Wolbachia genomes. Under cladogenic transmission, without subsequent introgression or 6 horizontal transmission, roughly concordant chronograms for all three genomes are expected. 7
From the arguments of Gillespie & Langley (1979) , we expect a slightly longer divergence time 8 for nuclear than mitochondrial or Wolbachia given the greater intraspecific variation observed in 9 nuclear DNA. However, for typical pairs of Drosophila species that diverged on the order of 10 6 10 years ago (Coyne & Orr 1989 , this discordance under cladogenic acquisition is unlikely to 11 be as large as a factor of two. Under introgression without subsequent horizontal transmission, 12
the mitochondrial and Wolbachia chronograms should be concordant (because they are 13 simultaneously maternally transmitted) and show more recent divergence than the bulk of the 14 nuclear genome. Finally, under horizontal transmission, more recent divergence is expected 15 between infecting Wolbachia than between either the host mitochondrial or nuclear genomes. 16
These simple criteria are difficult to apply because of uncertainty concerning the relative rates of 17 nuclear, mitochondrial and Wolbachia divergence. Here, using all available comparative data for 18
Wolbachia and host divergence, we conclude that the Wolbachia in D. suzukii and D. 19
subpulchrella are far too similar to make cladogenic transmission plausible. Our conclusion does 20 not exclude the possibility that D. suzukii and D. subpulchrella retained a Wolbachia infection 21 from their common ancestor. Our data indicate only that their current Wolbachia are too similar 22
to have been diverging since the speciation of their hosts. In principle, one could establish 23 cladogenic transmission followed by introgression or horizontal transmission if traces of 24 historical infections could be found in host genomes (Hotopp et al. 2007 Materials and methods 1 
Sequence data 2
Genome data for D. suzukii and D. subpulchrella were generated by Edinburgh Genomics. The 3 D. suzukii genome data were generated from an inbred Italian line (the Trento strain) as 4 presented in Ometto et al. (2013) , with the Wolbachia, wSuz, presented in Siozos et al. (2013) . 5
Illumina HiSeq2000 120-base, paired-end sequence data were generated from two libraries of 6 180 and 300 base pair (bp) inserts. The D. subpulchrella genome data were generated from a 7 stock maintained at the Fondazione Edmund Mach lab that was established from San Diego 8 Drosophila Species Stock center strain 14023-0401.00, originally from Japan. Illumina 9
HiSeq2000 125-base, paired-end sequence data were generated from two libraries of 350 and 10 550 bp inserts. 11
12
Assembly of Wolbachia in D. subpulchrella 13
To assemble wSpc, we initially cleaned, trimmed and assembled reads for the Wolbachia-14 infected D. subpulchrella using Sickle (https://github.com/najoshi/sickle) and SOAPdenovo v. assembly (fewest contigs and largest N50) was kept. This preliminary assembly had over 17 100,000 contigs with a total length of 243 megabases (Mbp). Details of the D. subpulchrella 18 assembly will be published elsewhere, together with a comparison to the D. suzukii genome. 19
Most of the contigs were identified through BLAST search as deriving from Drosophila. Minor 20 contamination from microbiota (such as Acetobacter spp.) was identified. Contigs with best 21 nucleotide BLAST matches (with E-values less than 10 -10 ) to known Wolbachia sequences were 22 extracted as the draft assembly for wSpc. We also attempted filtering the reads by alignment to 23 To distinguish these Wolbachia and determine their relationships, we extracted additional 12 orthologous loci from the draft genomes. We annotated the genomes of wSuz and wSpc with 13
Prokka v 1.11 (Seemann 2014), which identifies orthologs to reference bacterial genes. To branch length. We ran two independent chains, each with four incrementally heated subchains, 25 for 1,000,000 generations. Trace files for each analysis were visualized in Tracer v. 1.6 1 (Rambaut et al. 2014) to ensure convergence of all continuous parameters. The first 25% of the 2 generations were discarded as burn-in. Only one topology had posterior probability > 0.001. 3
To estimate the divergence between wSuz and wSpc, 703 genes present in full length and 4 single copy in wSuz, wSpc, and wRi (spanning a total of 704,883 bp) were extracted and aligned 5 with MAFFT v. 7. As an additional assessment of the completeness of the wSuz and wSpc 6 assemblies, we calculated the number of single-copy genes in the wRi reference and found 734. 7
The resulting alignments were concatenated. To estimate a chronogram, we assumed for 8 simplicity that each partition evolved at a constant rate across the tree (allowing the rates to 9 differ among codon positions). The constant-rate chronogram was estimated with MrBayes v. 3.2, 10 using the same procedure as our five-sequence Wolbachia phylogram (which included wMel and 11 wAu). The age of the wSuz-wSpc node was set at 1, as an arbitrary scaling of relative ages. genomes at these loci were assessed by aligning the wSuz and wSpc reads to the wRi reference 19 and calculating the percentage of reads with the non-wRi base. 20
To identify a specific insertion of the transposable element ISWpi7, which occurs in 21 21 identical copies in wRi, and whose position differentiates wSpc and wSuz from wRi, an 22 additional assembly step was required. The novel insertion occurs in the wSpc and wSuz 23 orthologs of WRi_006720, one of the CI-associated loci discussed below. The D. suzukii and D. interrupted by a single copy of ISWpi7. To test this bioinformatic result, we designed two pairs 5 of PCR primers that spanned the hypothesized junctions between the ortholog of WRi_006720 6 and ISWpi7. For the first set of primers (forward: ATGGTCACATTGAACAGAGGAT, reverse: 7 GTTGGTGCTGCAATGCGTAA), the forward primer attaches at 728945-728966, part of 8 WRi_006720. For the second set of primers (forward: AGCGTTGTGGAGGAACTCAG, 9 reverse: CGTCATGCTGCAGTGCTTAG), the reverse primer attaches at 729570-729589, part 10 of WRi_006720. No detectable product is expected with either primer set in wRi, which does not 11 contain the insert in WRi_006720; whereas each primer set is expected to produce a unique band 12 with wSpc and wSuz. 13
14

Results
15
Draft genome assembly for wSpc, the Wolbachia from D. subpulchrella 16
We generated a draft assembly of wSpc by filtering contigs from a joint Wolbachia-D. wNo, and the drafts of wSuz and wSpc). Our draft assemblies for wSpc and wSuz contain two 1 BUSCO-annotated genes not found in wRi and wMel. See Table S1 for detailed information.  2 3
Wolbachia divergence 4
We aligned and compared wSpc and wSuz at 703 protein-coding loci (704,883 bp) and identified 5 only 28 single-nucleotide variants (SNV), an overall divergence of 0.004%. wSuz had 103 SNV 6 compared to wRi (0.015% divergence) and wSpc had 99 SNV (0.014% divergence) (Table S2) . 7
Most (87) of these SNV are shared. There were too few differences to definitively determine 8 whether these genomes are recombinant (Ellegaard et al. 2013 ), but the data were fully 9 consistent with no recombination (i.e., with so few differences, we have no power to detect 10 recombination). Bayesian phylogenetic analysis placed wSuz and wSpc as sisters relative to wRi 11 ( Fig. 2A) . For wSuz and wSpc, we derived point estimates and 95% confidence intervals for 12 divergence at each codon position, calculated as the rate multiplier for that position times the 13 branch length (fixed to 1) ( Table 1 ). The rate multipliers express the relative rate of evolution for 14 each codon position. Hence, the expected number of substitutions for each codon position along 15 each branch of the phylogram is the branch length times the rate multiplier for that position. The 16 estimated chronogram ( Fig. 2B) shows that the divergence time of wRi from its MRCA with 17 wSpc and wSuz is 3.51 times the divergence time of wSpc and wSuz, with a 95% confidence 18 interval of (2.41, 4.87). We found no difference in the rates of divergence for first, second and 19 third codon positions, as also observed in the co-divergence of Wolbachia and mtDNA 20 haplotypes in D. melanogaster (Richardson et al. 2012) . Following from this, estimates of 21 synonymous, k s , and non-synonymous, k a , substitution rates were very similar ( Table 1) . is 0.72 times as large as the estimated divergence time for D. subpulchrella-D. suzukii, with a 7 95% confidence interval of (0.65, 0.78). Point estimates and 95% confidence intervals for 8 divergence at each codon position between D. subpulchrella and D. suzukii were calculated as 9 the rate multiplier for that position times the branch length (fixed to 1) ( Table 2 ). Our estimate of 10 the third-codon-position substitutions per site, which we use to date D. subpulchrella-D. suzukii 11 divergence, is 9.20×10 -2 and a 95% confidence interval of (8.6×10 -2 , 9.80×10 -2 ). 12
Our RevBayes (2016) We found no evidence for partial integration of any Wolbachia sequence into the nuclear 21 genomes of either D. subpulchrella or D. suzukii. 22
24
Calibrations for Wolbachia versus host genome divergence and interpretation 1
We used estimates of relative divergence of the Wolbachia and Drosophila genomes to 2 assess cladogenic versus lateral transmission of wSpc and wSuz. Our strategy was to compare 3 our estimates of relative Wolbachia/host divergence to ratios obtained from published examples 4 of cladogenic Wolbachia transmission. Table 3 summarizes our data and the data from two 2012)). This is clearly inconsistent with the three-17 order-of-magnitude difference we estimate (Table 3) . 18
Comparing wSuz and wSpc, we found no difference in k s and k a ( Table 1 ). This is also true 19
for wMel variation in D. melanogaster (Richardson et and wAu using the 429,765 bp dataset of single-copy, full-length genes (Table S3) Wolbachia k s of 4.7×10 -9 changes/synonymous site/year in Nasonia. Using our k s from Table 1  16 with the Nasonia calibration, the estimated divergence for wSuz and wSpc is 6,400 years, which 17 is consistent with our Drosophila calibration. These analyses suggest that wSuz and wSpc 18 diverged on the order of 1,000-10,000 years ago, orders of magnitude shorter than typical time 19 scales for Drosophila speciation ( (Fig. 2C) , we infer 24 divergence times for D. subpulchrella and D. suzukii ranging from about one to nine million 25 years, two orders of magnitude larger than our estimates for wSuz versus wSpc. Hence, despite 1 great uncertainties, our data clearly preclude cladogenic transmission of wSuz and wSpc. This 2 conclusion is further supported in the Discussion by a review of variation in rates of bacterial 3 molecular evolution. 4 5 Genome differences between wSpc, wSuz and wRi: structural variation and candidate genes 6
We identified copy-number variants (CNV) in wSuz and wSpc relative to the wRi reference 7 sequence by plotting read depth along each genome ( Fig. 3 ; Table 4 ). wSpc and wSuz share a 8 deletion relative to wRi of 23,000 bp, between positions 733,000-756,000. wSuz has duplications 9 22,500 bp long from about 570,000 to 592,500 and 1,077,500 to 1,100,000. Both regions are part 10 of the WO-B prophage. In wRi, there are two nearly identical copies (99.4%) of WO-B, from 11 about 565,000 to 636,000 and from about 1,071,000 to 1,142,000 (Klasson et al. 2009). wSuz 12 had an additional duplication between 1,345,000 and 1,347,500, outside of the WO prophage 13 regions (Table 4) . wSuz from wRi. 23 Table 5 lists the orthologs and paralogs in wMel, wRi, wSuz and wSpc of wPip_0282 and 24 wPip_0283, the loci originally identified as CI-causing by Beckmann & Fallon (2013) Table  3 5, there are two copies of the type I pair in wRi, one copy in each of the two complete copies of 4 the WO-B prophage. As noted by Beckmann & Fallon (2013) , in wRi, there is also a paralogous 5 pair (wRi_006720 and wRi_006710), termed "type II" by LePage et al. (2017) , that exists within 6 what they term a "WO-like island." 7 Table S5 lists genes included in the CNV regions of wSuz and wSpc relative to wRi. found in wSuz. Hence, wSuz contains three copies of these two loci, whereas wSpc has only two 11 (see Table 5 ). The copy-number variants in wSuz or wSpc do not affect the type II loci. 12 Table 6 reports differences among wRi, wSuz and wSpc at orthologs of the CI-associated 13 loci WD0631, WD0632, WRi_006710, and WRi_006720. The duplicate orthologs of WD0631 in 14
wRi are WRi_005370 and Table 6 . wSuz and 21 wSpc share two missense substitutions in WD0631 and one in WD0632. As shown in Table 6 , 22
wSuz and wSpc also share one missense substitution in wRi_006710. This indicates that the 23 duplications unique to wSuz occurred after the split of (wSuz, wSpc) from wRi. wSpc has a 24 nonsense mutation at position 3,353 of WD0632, which results in a protein lacking the last 56 25 amino acids produced in wRi. These differences may account for the fact that while wRi causes 1 appreciable CI in D. simulans and detectable CI in D. melanogaster, neither wSuz nor wSpc 2 causes detectable CI in its native host (Hamm et al. 2014 ). Wolbachia synonymous substitution divergence of only 1.0×10 -4 ( Table 3 ). Under cladogenic 24 transmission, this implies Wolbachia divergence that is roughly an order of magnitude slower 25 than inferred from the three outgroup comparisons, with Wolbachia divergence at 1/68 th the rate 1 of the host nuclear genomes rather than 1/8. This indicates either 8.5-fold rate variation for 2
Wolbachia molecular evolution or that cladogenic transmission does not apply to this sister pair. 3
To explain our D. suzukii and D. subpulchrella data with cladogenic transmission and 4 relative rate heterogeneity, we require that Wolbachia divergence is more than 1000-fold slower 5 than third-position nuclear divergence. This relative rate is 100-fold slower than inferred for D. 6 melanogaster and 30-fold slower than the slow rate implied by cladogenic transmission between 7 N. leucophthalma and N. flava. Such extreme heterogeneity seems implausible, but more 8 examples of cladogenic Wolbachia transmission are needed to definitively rule this out. 9
Although there are relatively few taxa for which we can quantify the relative rates of nuclear 10 versus Wolbachia molecular evolution, there are extensive data assessing the relative constancy 11 of bacterial molecular evolution. Kuo & Ochman (2009) provide an overview, emphasizing that 12 variation across taxa is too great for any locus or group of loci to provide a broadly applicable 13 "molecular clock" for bacteria. Nevertheless, their analyses indicate that variation across 14 lineages is typically much less than 10-fold. Yet, if wSuz and wSpc were cladogenically inherited 15 and we assume the implausibly short host divergence time of 500,000 years (half of our lowest 16 plausible estimate, see Fig. 2 ), the inferred upper bound on the rate of Wolbachia silent site 17 substitutions is about 1.0×10 -11 per site per year. In contrast, the inferred rates of silent site 18 substitutions from the Nasonia and Nomada data ( Table 3) D. subpulchrella show no apparent CI. There are two copies of these CI-associated loci in wRi, 2 two in wSpc, and three in wSuz. As argued above, the additional copy in wSuz was acquired after 3 wSuz and wSpc diverged. The differences we document in Table 6 between wRi, wSuz and wSpc 4 at the CI-associated loci may be informative about the portions of those loci essential to CI. More replicated assays for CI in D. suzukii and D. subpulchrella, as well as investigation of 20 whether CI is produced when wSpc and wSuz are transinfected into CI-expressing hosts such as 21 D. simulans, will indicate whether the differences described in Table 6 
Conclusions and open questions 1
Understanding how host species acquire Wolbachia requires comparing divergence-time 2 estimates for closely related Wolbachia in host sister species to divergence-time estimates for 3 both their hosts' nuclear genes and mtDNA. To make confident inferences, we need better 4 estimates of both the mean and variance of relative divergence rates for these three genomes. The 5 variance for mtDNA divergence can be obtained from extant data, such as the many available 6
Drosophila genomes. Estimates for nuclear, mitochondrial and Wolbachia genomes can be 7 obtained from groups like the filarial nematodes for which co-divergence of the hosts and their 8 obligate Wolbachia is well established (Bandi et al. 1998) . Our ability to infer processes of 9 introgression and horizontal transmission requires mtDNA sequences, which will be analyzed in 13 our forthcoming D. subpulchrella genome paper. 14
It is a challenge to understand the pattern of molecular evolution between closely related 15
Wolbachia whereby all three nucleotide positions evolve at similar rates, producing comparable 16 rates of synonymous versus non-synonymous substitutions. This is consistent with the pattern of 17 variation seen for wMel within D. melanogaster (Richardson et al. 2012) . In contrast, k s /k a 18 increases to 2-3 for the cladogenically transmitted Wolbachia in Nasonia and Nomada; then 19 increases to about 7 for the more distantly related wAu and wRi infecting D. simulans. Does 20
Wolbachia "invasion" of a new host represent a relaxation of selective constraint or an 21 opportunity for adaptation? The reigning paradigm for molecular evolution of endosymbionts 22
involves the fixation of slightly deleterious mutations (Moran 1996 
Supporting information 1
Additional information may be found in the online version of this article. 2 3   Table S1 Near-universal, single-copy proteobacteria genes (out of 221) found using BUSCO v. Table S2 Observed pairwise genomic differences between Wolbachia strains, given as 7 percentage of polymorphic sites in single-copy, full-length genes present in all three strains. 8 9 Table S3 Matrix of k a (below diagonal) and k s (above diagonal) estimates for wSuz, wSpc, wRi, 10 wAu and wMel (using the 429,765 bp data set from Table S2 ). 11 12 This third copy in wSuz exists in the 1077500-1100000 CNV, noted in Table 4 , which is a 10 partial copy of the WO-B prophage. 11 12 1 Table 6 Comparisons between wRi, wSpc and wSuz at the CI-associated loci (type I, possible antidote, toxin), WD0631 and WD0632, from wMel, and the paralogous loci (type II),
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